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Bacteria produce a remarkable range of surface and secreted polysaccharides. Two pathways have
been defined for the biosynthesis and export of capsular polysaccharides and exopolysaccharides in
Gram-negative bacteria. A structure of AlgK described in this issue provides structural insight into a third
previously unrecognized pathway associated with important biopolymers (Keiski et al., 2010).The bacterial cell envelope is a complex
structure that balances two competing
requirements. It protects the cell from
stresses as diverse as the environmental
niches that the bacteria inhabit, while still
allowing the selective import and export
of molecules with a remarkable range of
sizes and physical properties. The outer
membrane is a characteristic feature in
Gram-negative bacteria. This atypical
lipid bilayer allows the passage of small
hydrophilic molecules, such as nutrients,
but acts as a molecular sieve to exclude
larger molecules and potentially harmful
hydrophobic compounds. Located bet-
ween the cytoplasmic and outer mem-
branes is a cellular compartment called
the periplasm, which contains the rigid
peptidoglycan layer. Enzymes located in
the cytosol and cytoplasmic membrane
produce a variety of large and complex
lipids, proteins, and glycoconjugates
that must traverse the barrier presented
by the cell envelope to reach their final
destinations in the outer membrane, on
the cell surface, or (for secreted macro-
molecules) in the external milieu. Highly
coordinated and efficient trafficking
systems perform these functions, and
details are now emerging concerning the
structural biology and biochemistry of
the molecular machines that are respon-sible. These studies have revealed con-
servation extending across bacteria with
different biology, as well as fascinating
structural principles that apply to different
classes of macromolecules. In this issue
of Structure, Keiski et al. (2010) provide
structural insight into a component of
the alginate exopolysaccharide (EPS)
translocation machinery, AlgK, and its
role in coordinating the assembly of the
multiprotein transenvelope complex in
Pseudomonas aeruginosa. Their data sug-
gest a new mechanism for EPS export
that may be shared by other bacteria.
Bacterial EPSs exist in two forms:
capsular polysaccharides (CPSs) are
linked to the cell surface forming a struc-
tural layer, while true EPSs are secreted
from the cell and retain little or no associ-
ation with the surface. These polymers
can play diverse roles in the biology of
bacteria including protecting the cell
from host defenses or from predation
by viruses or eukaryotic organisms,
participating in adhesion to surfaces,
and playing critical roles in the formation
of bacterial biofilms. CPSs and EPSs
exhibit a remarkable range of structural
diversity and their sizes (some exceeding
106 Da) represent a significant cellular
trafficking challenge. Despite the diver-
sity in CPS/EPS-producers and theirproducts, only two polymer translocation
processes have received detailed atten-
tion (Figure 1) (reviewed in Cuthbertson
et al., 2009).
In the ABC transporter-dependent
pathway, polymerization of the polysac-
charide chain occurs on a lipid acceptor
and is completed in the cytosolic com-
partment; chain extension occurs at the
non-reducing end. Export across the cyto-
plasmic membrane requires a member
of the ATP-binding cassette (ABC) trans-
porter superfamily. Representatives of
two classes of dedicated proteins are
needed to complete the translocation to
the cell surface; a polysaccharide copoly-
merase family 3 (PCP-3) protein, and a
member of the outer membrane polysac-
charide export (OPX) family (Cuthbertson
et al., 2009). From biochemical experi-
ments and protein sequence data, analo-
gies have been drawn between the overall
system and tripartite molecular machines
participating in drug efflux and ‘‘type 1’’
protein secretion in bacteria. In this
scenario, oligomers of the OPX protein
provide the efflux channel and the PCP-
3 plays a role similar to membrane-fusion
(MFP) or adaptor proteins, which couple a
pump to the channel (Cuthbertson et al.,
2009). The mode of polymerization of
CPS/EPS is fundamentally different inª2010 Elsevier Ltd All rights reserved 151
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Figure 1. Cartoons Illustrating Models for the Assembly, Export, and Translocation of EPS and CPS to the Cell Surface
Shown are the established ABC transporter-dependent (left) and Wzx-Wzy-dependent (right) pathways. To the right is a wire-frame representation (green) of the
EM structure of the transenvelope translocation assembly from E. coliK30. The heterocomplex consists of a tetramer of the PCP-2a protein (Wzc) and an octamer
of the OPX protein (Wza) (Collins et al., 2007). The Wza crystal structure (purple) and the EM structure of the Wzc tetramer (gold) have been manually fitted within
the frame.
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lipid-linked repeat-units are formed in
the cytosolic compartment, exported via
the putative flippase, Wzx, and polymer-
ized by Wzy. In this case, chain extension
occurs one unit at a time at the reducing
terminus, by transfer of the nascent chain
to the incoming repeat-unit. Translocation
in this case also requires PCP(family 2a)
and OPX proteins, and the proposed
transenvelope complex is supported
by structural evidence in one organism,
E. coli K30. The crystal structure of the
OPX octamer revealed the first example
of an outer membrane channel composed
of amphipathic a helices (Dong et al.,
2006), and recent data suggest that this
unusual property is also found in the
elaborate outer membrane complex from
some type IV protein secretion systems
(Chandran et al., 2009). An EM structure
for OPX-PCP-2a heterocomplexes is con-
sistent with the structures of the individual
components and provides a structural
context for the transenvelope assembly
scaffold (Collins et al., 2007) (Figure 1).152 Structure 18, February 10, 2010 ª2010 EPast studies therefore identified key
protein families that serve as indicators
of a particular pathway. However, it has
been recognized for some time that
some EPS/CPS systems do not readily
fit the existing molds. One of these is the
biosynthesis and export system for algi-
nate polymers from P. aeruginosa (and
other pseudomonads). While the relevant
genes have been known for some years,
the mechanism of polymer biogenesis
has remained elusive. Open questions
include which cellular compartment hosts
the polymerization reaction, is the polymer
assembled on a lipid acceptor, what is the
direction of polymer chain growth, and
how is the export across the cytoplasmic
membrane achieved? Alg8 shares some
similarity with ‘‘synthase’’ family GT-2 gly-
cosyltransferases (Remminghorst et al.,
2009), which are sufficient for both initia-
tion and polymerization. Alg8 may be
linked to the translocation pathway by
Alg44, which is predicted to share some
similarity with MFPs (Remminghorst and
Rehm, 2006), providing at least one poten-lsevier Ltd All rights reservedtial structural link to the existing assembly
pathways. Consistent with tripartite drug
efflux pumps, and the model established
for the ABC transporter-dependent EPS
assembly system, Alg44 may interact
with a cognate outer membrane protein,
AlgE (Oglesby et al., 2008). AlgE is impli-
cated in alginate translocation but, unlike
the characterized OPX proteins, its struc-
ture is predicted to be predominantly
b-barrel (Rehm et al., 1994). Genetic and
biochemical experiments have led to the
proposal of a multiprotein alginate as-
sembly machine that contains consider-
ably more dedicated proteins than is
seen in the existing systems (Figure 1).
Several lines of evidence have implicated
a periplasmic structure that protects the
alginate during its exit from the cell (Jain
and Ohman, 2005). One component of
the proposed scaffold is AlgK.
Keiski et al. (2010) have established that
AlgK is an outer membrane lipoprotein
whose presence is essential for the
normal outer membrane localization of
AlgE. This scenario provides a striking
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‘‘secretins’’ from type II protein secretion
complexes, where a ‘‘pilotin’’ accessory
lipoprotein is needed for proper as-
sembly, unless the secretin is itself acyl-
ated (Viarre et al., 2009).
AlgK is predominantly composed of (at
least) 9.5 tetratricopeptide repeat (TPR)
motifs. Proteins with multiple TPR-like
motifs usually adopt a super-helical struc-
ture (as does AlgK), and these repeating
sequences have been implicated in medi-
ating protein-protein interactions. This
would be entirely consistent with AlgK
acting as a scaffold for the multiprotein
alginate maturation complex. Mapping
highly conserved (non-TPR) residues
onto the AlgK super-helix identified poten-
tial interaction sites. The lipid anchoring of
AlgK would position two of these sites
close to the inner leaflet of the outer mem-
brane, to facilitate AlgE binding. Con-
served C-terminal residues potentially
allow AlgK to interact with other proteins
in the periplasm and/or cytoplasmic mem-
brane. In another parallel between algi-
nate and protein secretion, some type III
protein secretion systems (including one
from P. aeruginosa [Quinaud et al.,
2007]), have TPR motif-containing acces-
sory proteins that interact with other
proteins in the complex. Thus, this type
of structural motif may apply to a variety
of trafficking systems.The structural features of AlgK provide
an excellent tool to interrogate other
EPS systems, where details of the overall
assembly process are scant. The bioinfor-
matics analysis performed by Keiski et al.
(2010) identifies TPR domains in several
important systems, including the elabora-
tion of bacterial cellulose and poly-b-D-
GlcNAc, two other bipolymers. Like
alginate, these polymers are implicated
in biofilm formation in diverse bacteria.
The conserved elements in these systems
extended to the possession of homologs
of Alg44 and a GT-2 enzyme. In the cellu-
lose and poly-b-D-GlcNAc systems, the
TPR domain is directly linked to the
b-barrel protein, providing further evi-
dence for the importance of a functional
association between the domains in EPS
assembly. These studies now set the
stage for combined biochemical and
structural biology investigations to fully
unravel the molecular features of the
assembly-export-translocation complex
and their participation in a process
of fundamental importance in many
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